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Abstract
Background and Purpose: It is known that plants respond to sulfur
(S) deficit by adapting their physiology and development. Nowadays, scientists concentrate on the cellular level of such response, studying molecular
processes, often treating visual phenotypes as fully explored and obvious. The
goal of this study was to challenge such believes and find a new visual phenotype of plants during their response to S deficit.
Materials and Methods: The macroscopic and microscopic observation
of Nicotiana tabacum plants grown under sulfur deficiency or control condition was conducted. Additionally, the absorbance spectrum of ethanol
extracts from plant roots was measured.
Results and Conclusions: In this study we showed that root color
changes from colorless to yellow after transfer to S deficiency conditions.
Microscopic observation of yellow roots showed that their color is a result of
the yellowish deposits formation inside the root epidermis cells. Next experiments allowed to narrow down the list of chemicals responsible for the
observed root phenotype to UV absorbing compounds. Our results, taken
together with the data available in literature, pointed to the phenolic compounds as the most probable component of yellowish deposits responsible for
change of root color during plant response to S deficiency. The physiological
role of such accumulation is yet to be determined.

INTRODUCTION

I

t is known that plants respond to nutrient deficit by adapting their
physiology and development [reviewed in: (1–3)]. The initial discovered and reported nutrient deficiency symptoms were macroscopic (eyevisible) changes, however soon after that, researchers realized that
changes on cellular level provide more detailed data. Nowadays, scientists concentrate on the studying of molecular processes. Similar trend
could be observed in the area of research of plant response to sulfur (S)
deficit. Review articles from the last decade often did not even mention
any visual phenotypes treating them as obvious and out of date.
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Indeed, no new spectacular, visible phenotypes of plants grown in S
deficiency conditions were reported recently, however this might be the
result of not looking particularly for them. The second possibility is the
existence of an issue with repeatability and specificity of visible symptoms. Despite of mentioned problems, chlorosis, necrosis, leaves folding,
color changes and other deficit indicators, which are mostly leaf oriented, are well described, even when difficult to relate to particular
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nutrient. The classic symptom of S deficit in plants is chlorosis, which concerns mainly young leaves. The leaves also
often have folded edges, which is especially visible in
plants with a high demand for S, such as Brassica napus,
B. napobrassica and B. rapa. Under S-deficient conditions
plants grow more slowly and are smaller. Sometimes (especially in an abundance of N supply) a red-violet color
may be observed on leaves in the places of vascular tissues.
After prolonged deficit leaves become brittle and fragile
(and may even crumble) These characteristic symptoms,
described in plant physiology books (4–6), mainly concern shoots.
On the other hand, studies on the roots are still well
behind due to the concentration of work on leaves for the
last few centuries (7). Root study has accelerated recently
yet under the S deficiency only two macroscopic changes
in root organ were reported previously: changes in root
length (8,9) and its architecture (9).
In this work a new visual phenotype, namely formation of yellow deposits in roots of tobacco (Nicotiana
tabacum) plants in response to S deficiency is described.
MATERIAL AND METHODS
Plant material and growing conditions
In this study the N. tabacum cv. LA Burley 21 (10) was
the source of plant material. For tobacco plant cultures
AB and Hoagland media, either full (nS) or lacking sulfur
(S-), prepared according to previously described protocols
(11,12), were used. Tobacco seeds were surface sterilized
before germination. All plants were grown in growth
chamber under the conditions of 60% relative humidity,
with a day/night regime of 16 h light 300 μmol photons
m2-1 s-1 at 23°C and 8 h dark at 19°C. For experiments
on seedlings 0.5x AB and 0.5x Hoagland media were
used, in the case of cultures on Petri dishes solidified
with 0.8% (v/w) ultrapure agarose (Invitrogen). The 12
to 18-day-old seedlings were used for transfer onto new
media (nS or S-), prior to the further experiments. For
experiments on larger plants the hydroponic cultures using AB and Hoagland media (with changing after 2
weeks and next every single week) were prepared. The 4
to 8-week plants were used for transfer onto new media
(nS or S-).
Starch staining
For starch identification the iodine staining was done
[using modified protocol after (13)]. Plant roots were
stained with Lugol’s iodine solution (6 mM iodine, 43
mM KI, and 0.2 N HCl) using under-pressure, created
with a syringe, for better penetration. Before observations,
excess of staining solution was removed by rinse, three to
five times, with water.
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Microscope observations
The images were obtained at the Laboratory of Confocal and Fluorescence Microscopy at IBB PAS with a Nicon confocal microscope, Eclipse TE2000-E and processed using EZ-C1 3.60 FreeViewer software.
Preparing ethanol extract from plant
roots and measurement of the
absorbance spectrum
The 100 mg of roots of 20-day-old seedlings, growing
for last 5 days on either 0.5 AB-S or 0.5 ABnS medium
was collected to the sterile Eppendorf tube. The ethanol
extracts of collected tissues were prepared according to
the available protocol (14). The material has been macerated in 500 µl of 96% ethanol using micro pestle, then
vortexed and heated in 70ºC for 15 minutes with shaking. After 5 min centrifugation at 10000 rpm the supernatant has been transferred to fresh Eppendorf tube.
Then, the procedure has been repeated using pellet as a
material and the supernatant has been added to the supernatant collected before. Right after that the samples
absorbance were measures using the Cary 50 UV-Vis
spectrophotometer (Varian Inc.), in the wavelength
range from 200nm to 800nm, using a built in function
of the equipment.
RESULTS
Changes of roots color after
transfer of plants to sulfur
deficiency conditions
Changes in visual plant phenotype were investigated
during response to S deficiency, using plants germinated and cultivated on full media and then transferred
to media with limited S availability. Apart from the already reported effect in root length (15) roots of the
tobacco plants were yellowing under S deficiency (S-)
but stayed colorless under control condition (nS) (Fig.
1a). The observed effect started to be visible 3–5 days
after plant transfer to the S- condition and was reversible. Transfer of the plants back to sufficient medium
caused in remove of the yellow color from roots, unless
plants were growing under S- conditions for too long.
Prolonged S deficiency stress, starting from 8th to 12th
day, resulted in root color change to pale brown, which
was irreversible. It is noteworthy that these effects were
consistently observed on seedlings grown on the solid
or in liquid media as well as on the older plants cultivated hydroponically. Moreover, root yellowing was not
related to the specific medium as using two different
types of media, namely AB and Hoagland, gave the
same results. To further study the nature of this effect
of S deprivation, the yellow roots were used as a material for microscope observation.
Period biol, Vol 117, No 3, 2015.
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Color deposits existence in roots
during plant response to sulfur
deficiency
Examination of tobacco yellow roots under the microscope revealed the existence of color, yellowish, deposits
inside the cells of the root epidermis. For the best clarity
the root hairs are shown (Fig. 1b), however deposits were
presented in other cells of epidermis as well. Deposits did
not have any regular structure, what suggested that they
were not made of starch.
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Tobacco belongs to the Solanaceae family which accumulate starch, usually as a starch grains, in different
plant organs. Therefore, it was crucial to exclude possibility that deposits, observed during plant response to S
deficit, contained starch as a main component. Observations of iodine stained roots, both by eye and under the
microscope, showed no difference between roots of the
plants grown in nS and S- conditions. After elimination
of starch, possibility of occurrence of other compounds
in the yellow deposits was considered.

Figure 1. Root phenotype during plant response to sulfur (S) deficiency.

a – root yellowing in response to S deficiency, b – arrows indicate deposits accumulation inside root hairs during plant response to S deficiency (on left 0.5 Hoagland medium, on right 0.5 AB medium), c – changes of root tip appearance during plant response to S deficiency. The 20-day-old tobacco seedlings, 5 days
after transfer to new media are presented. (S-) – S deficiency, (nS) – optimal sulfur supply / control condition, Scale bars: b – 10 µm, c 100 µm.
Period biol, Vol 117, No 3, 2015.
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Figure 2. Absorbance spectra of ethanol extracts of roots of plants growth under different sulfur (S) supplies.

a – comparison of concentrated and diluted samples, b – crop of spectra for samples 10 times diluted with water. Material was collected from 20-day-old tobacco seedlings, 5 days after transfer to new media (nS or S-). (S-) – S deficiency, (nS) – optimal sulfur supply / control condition.

The ethanol extracts from the yellow, as well as from
the control roots, were prepared as described in the Material and Methods. The difference in the color of the extracts from the roots of S-sufficient and S-deficient plants
was eye-visible. Subsequently, the absorption spectra were
measured at a wavelength of 200–800 nm. The obtained
spectra (Fig. 2a) showed the difference between nS and
S- root extracts in the wavelength range between 250 and
400. It is noteworthy that absorbance higher than 1 might
negatively influence the accuracy of the results. The same
measurement repeated in the 10-fold diluted extracts (Fig.
2b) not only confirmed the higher absorbance in range of
250–400 nm of the extract made from the roots of plants
grown under S deficit, but also highlighted some subtle
changes. Both spectra had the peaks at 270, 285 and 325
nm, however the ratio of the two latter peaks were different. The 285-nm peak was higher than the 325-nm one
in nS condition but lower under S deficit.
Root tip phenotype changes in plant
response to sulfur deficiency
During microscope analysis of the roots more phenomena were found, however only one of them was consistently observed. The appearance of the root tip was different for roots grown in nS condition than those growing
under S- (Fig. 1c). The exact tip of the root of plants grown
in S- condition was yellowish. Yellow color area contained
the Root Cap as well as Apical Meristem and Zone of Cell
Division while majority of the cells of Zone of Cell Elongation remained almost colorless (except cells close to the
border with Zone of Cell Division which were yellow). In
contrast, in the root of the plants grown under nS condition, the Root Cap was yellow as well as the elongation zone
cells localized near the border between Zone of Cell Division and Zone of Cell Elongation. In this case the Apical
Meristem and Zone of Cell Division stayed colorless.
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DISCUSSION
Root yellowing is a part of plant
response to sulfur deficiency
New phenotype of plants roots in response to S deficiency was shown in this study. Our results demonstrate
that change of roots color from colorless to yellow (visible
after 3–5 days of seedling growth in S-) is a part of plant
response to S deficit. Similar observations have been confirmed in personal communications on the 2nd Sulphyton
Conference, however the specificity and repeatability of
the phenomenon has been unstudied and unknown. On
the other hand, the cadmium (Cd) stress results in high
demand for S metabolites (16) thus is similar to S deficiency stress. In some studies, the change of root color (to
brownish) in Arabidopsis thaliana and Cicer arietinum
response to Cd has been reported (17,18). In the other
studies (on Oryza sativa and Merwilla plumbea) the color
change to yellowish is visible on figures but the phenomenon is not discussed within the papers (19,20).
Prolonged S deficit resulted in change of the color of the
root from yellow to pale brown (visible after 8–12 days of
S-). Our data suggest that turning into pale brown is probably a result of cell death because only yellow color could
be fully inverted to the transparent by transfer of the plants
back to the S-sufficient medium. Such observation may be
a suggestion that the death of the plant root cells start 8–12
days after transfer to S deficit. This may explain the phenomenon of different response of plants (reported for A.
thaliana and N. tabacum) to various stringency of S deficit.
Under the very strict S starvation the root length increase
in response to stress condition was not observed (21), while
such kind of response exists under less severe S shortage
(8,9,15). Our results taken together with the mentioned
data indicate that the lack of root length increase might be
a derivative of the death of the root cells. It is known that
Period biol, Vol 117, No 3, 2015.
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during late phase of plant response to S deficit the switch
from root system expansion to reproduction strategy occurs
(2,22,23). One of the possibilities of root growth inhibition
is programmed death of root cells. Therefore, maybe the
changes of the root color could be treated as an indicator of
the late phase of plant response to S deficiency. Such hypothesis is especially tempting as we showed the changes of
root tip phenotype in response to S deficit (manifested visually by change of color of the root tip). We do not know yet
how this influence the activity of Apical Meristem, therefore more research is needed to clarify such issue.
Nature of root yellowing during plant
response to S deficiency
Microscopic observation showed that yellowing of roots
is a result of the yellowish deposits formation inside the
root cells. Such effect has not been reported previously,
therefore we decided to perform experiments that allowed
to narrow down the list of the most possible building material of the observed deposits. Our data showed that starch
is not the main compound of the observed speckles. Such
observance corresponds with the other study (covering
more stresses) in which the starch grains accumulation in
roots were not detected during A. thaliana response to S
deficit (24). On the other hand, comparison of the absorbance spectra of the ethanol extracts from the roots showed
difference between nS and S- in the wavelength range between 250 nm and 400 nm (which is mainly within UV
range, however it overlaps visible light spectra). Such alteration, taken together with the eye-visible color difference, between the ethanol extracts analyzed in the experiments, point to the UV absorbing compounds (UVAC) as
a reason of yellow color. The most abundant group of such
molecules, reported as responsible for most of the changes
of extract spectra in UV range are phenolic compounds
(25,26). Noteworthy, phenolics (mostly the subgroup
called flavonoids) are, besides chlorophylls, the main group
of compounds that affect color of plant organs. Moreover,
it was shown that the level of phenolic compounds change
during plant response to environmental stresses (27) including deficits of such nutrients as iron (Fe) (28), phosphorus (P) (29), nitrogen (N) (30) and S (31). Unfortunately, studies that showed increased level of flavonoids
under S deficit were performed using whole seedlings as
plant material. On the other hand, studies on roots of
plants grown under Fe deficit may be useful as recently, the
co-expression of Arabidopsis genes encoding S-adenosylomethionine synthetase 1 (SAM1, TAIR: AT1G02500),
Phe ammonia lyase 1 (PAL1, TAIR: AT2G37040), Phe
ammonia lyase 2 (PAL2, TAIR: AT3G53260) and CoA
ligase (4CL1, TAIR: AT1G51680), according to 300 rootrelated microarray experiments, was shown (32). PALs
catalyze the initiation, while 4CLs mediate the last step, of
the general phenylpropanoid pathway. Moreover the expression of two different SAMs (TAIR: AT3G17390,
AT4G01850) were found to be up-regulated during S
deficit (33). Other study (34) reported only one SAM
Period biol, Vol 117, No 3, 2015.
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(TAIR: AT3G17390) as up-regulated in shoot and another (TAIR: AT2G36880) as down-regulated in roots.
On the other hand in both S deficiency studies (one with
whole seedlings and one with only roots as a plant material) available through Genevestigator software (35) the
level of all four genes, mentioned previously as co-expressed, remained stable, independently of S status. This
seems to be in contrary to the researches that pointed to
the up- or down-regulation of SAMs during S deficit, however different SAMs may not be regulated on the same way.
Noteworthy, the mentioned four genes reached the higher
level of expression in root-related experiment, which suggests that they are constitutively expressed on relatively
high level in roots. Therefore, biosynthesis of phenolic
compounds may be not regulated mainly on the transcription level during S deficiency. On the other hand the lack
of regulation on the level of whole organ does not prove
the same concept on the tissue level. The UPBEAT1
(UPB1, TAIR: At2g47270) has been lately connected, using the knockout Arabidopsis plants, with phenylpropanoid biosynthesis due to the regulation of transcription
of two PALs and two 4CLs (36). Recently it has been
shown that UPB1 localizes within the root tip in the identical way (under control and S deficiency conditions) as the
yellow color on Fig.1c (37). Such observation supports the
hypothesis of phenolic compounds involvement in the development of the roots yellow color during S deficiency.
Taking together the results from this work it is clear that
yellowing of roots is a part of plant response to S deficiency.
The reason of such phenotype is a formation of color deposits inside root cells. According to the results presented
in this study and data available in the literature, the nature
of this speckles is probably related to the phenolics, however further analyses are needed to fully clarify that.
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